Abstract: Ubiquitination is a posttranslational modification that plays a crucial role in the regulation of both innate and adaptive immunity. In the innate immunity, ubiquitination regulates immune signaling by adjusting the signaling mediators to turn on/off a specific defense response. In this review, we briefly summarize the results from current studies of ubiquitination and compare the functions of ubiquitination between plants and animal.
Introduction
Ubiquitination is one of the common regulatory mechanisms in all eukaryotes. It selectively targets a variety of substrates, which include hormone receptors, light regulators, and damaged proteins, for degradation by the 26S proteasome. A broad number of cellular activities, such as hormone signaling, embryogenesis, photomorphogenesis, circadian rhythms, senescence, disease resistance, abiotic stress responses, etc., are affected by ubiquitination (1) . Attaching ubiquitin to its target protein requires three enzymes, the E1 ubiquitin-activating enzyme, the E2 ubiquitin-conjugating enzyme, and an E3 ubiquitin ligase. Single or multiple-ubiquitin molecules are conjugated to the target protein through ubiquitination. Consequently, ubiquitin-labeled protein is recognized by the 26S proteasome and targeted for degradation. In Arabidopsis, there are 2 E1 enzymes, 37 E2 enzymes and 1415 E3 ubiquitin ligases (1). In humans, 2 E1 enzymes, 38 E2 enzymes and 600-1000 E3 enzymes have been identified (2) . In particular, E3 ubiquitin ligases have been classified into four groups, namely HECT (homologous to E6-AP C-terminus), U-box, CRLs (Cullin-Ring ligases) and RING (Really Interesting New Gene) finger (3).
E3 ligases play critical roles in plant innate immunity for both biotic and abiotic stress responses (4) (5) (6) . For example, members of the EIN3 (Ethylene Insensitive 3) transcription factor family, which encode key components of ET signaling and control the transcription of numerous defense-related genes, are regulated by SCF (Skp, Cullin, F-box containing complex) E3 ligase complexes (5). AtAIRP1, RHA2a, Rama1H1 and several other E3 ligases are involved in drought stress (5, (7) (8) (9) . In mammals, ubiquitination is associated with broad range of diseases. For example, BRCA1, which is an E3 ligase, is involved in DNA repair. Mutations in BRCA1 will cause breast and ovarian cancers (10) . Disordered E3 ligases of α-synuclein will cause accumulation of α-synuclein protein are stabilized via α-helical regions. Central α-helix of RING-type E3 ligases is surrounded by two loops. Those two parts form a platform to interact with E2s. To ensure E2 can be reloaded with ubiquitin by E1, RING-type E3s usually bind to E2 with low affinity (10) . RING-type E3 ligases could have multiple or single subunits that are highly specific to substrate (10) .
RING-type E3 ligases are involved in the biological processes such as tumor suppressors, oncogenes, DNA repair, and endocytosis etc. For example, E3 ligase can prevent premature G1-S transition by targeting Skp2 (16) . In addition, RING-type E3 ligases can also work with numerous metabolites, such as sterols, auxin, and jasmonic acid etc., to help plants respond to environmental factors (10). E3 ligase has been shown to play an important role in innate immunity which involves pathogen associated molecular patterns and pattern recognition receptors.
PRR signaling pathways
TLRs (Toll-like receptors), NLRs (NOD-like receptors), RLRs (RIG-I-like receptors) and DNA sensors in the cytosol are four well-studied PPRs (pattern recognition receptors), which are involved in the recognition process of invading pathogens and essential for the innate immune response. Specific PRRs signaling cascades will be initiated based on PAMPs (pathogen associated molecular patterns). Ubiquitin and ubiquitin-like modifiers are highly involved in the regulation of those signaling cascades (17, 18) .
Some TLRs, which are transmembrane proteins, can recognize PAMPs from viruses, bacteria and fungi (17, 18) . NF-κB (nuclear factor-kappa B) signaling and MAP kinase pathway are induced by the interaction of TLRs with specific PAMPs. As a result, pro-inflammatory cytokines and co-stimulatory molecules will be secreted to initiate the immune system (19) . However, virus can also target the host adapter protein MyD88 by ubiquitination to evade innate immunity (20) . Bacterial antigen signals will be recognized by NLRs that are cytosolic leucine rich repeat proteins. Then Caspase-1 and inflammasome will be activated as a consequence of AP-1 (activator protein-1) and NFκB activation. RIG-1, which is ubiquitously expressed cytosolic RNA helicase, can recognize viral RNA. DNA sensor is a specific PRR that can recognize dsDNA in the cytosol and nucleus (18, 21) . It is worth mentioning that, plants do not have TLRs, which are common in mammals (22) .
Activation of above mentioned PRRs will recruit and activate TAK1 (transforming growth factor β activated kinase-1) kinase complex, which will activate MAPK (mitogen-activated protein kinases) and IKK (I-kappa B kinase) complex (18) . As the result, AP-1 and NF-κB will be activated through those two cascades. Recent studies show that poly-ubiquitin chains play a critical role in the activation of TAK1 and IKK. It is important to notice that Lys-63-linked poly-ubiquitin chains play a critical role in those activities. Unlike Lys-48-linked poly-ubiquitin chains, which target proteins for degradation, Lys-63-linked poly-ubiquitin chains serve as scaffolds, which help assemble protein kinase complexes and mediate their activation through proteasome-independent mechanisms (23).
Defense pathways in plants
Specific receptors can perceive certain conserved molecules produced by pathogens. Those molecules are known as elicitors that can initiate signal transduction pathways leading to defense responses. A set of specified receptors that are highly diverse to perceive external and internal signals are employed by plants innate immune system (24) . During plant-pathogen interaction, a complex cascade of defense responses will be induced. Invading signals can be from invaders and/or plant themselves. Both could be detected by plants immune system via different mechanisms. Then various defensive reactions, such as the production or reactive oxygen species (ROS), reinforcement of plant cell wall, and synthesis of defense enzymes, will be activated and initiated through different signal transduction pathways.
PAMP-triggered Immunity (PTI) and Effector-Triggered Immunity (ETI) are two branches of defense responses of immunity in plants. Various pathogen/microbe-associated molecular patterns (PAMPs/MAMPs) can trigger immune response in plant. For example, flg22 that is a constituent peptide of main peptide component of motility organ can initiate immune response. Chitin (a polymer of N-acetyl-D-glucosamine), which is a major component of fungal cell walls, is another molecular pattern that can evoke severe immune response., Upon the recognition of these slowly evolving PAMPs/MAMPs, PTI is stimulated by plant transmembrane pattern recognition receptors (PRRs). As a result, MAP kinase signaling pathways have been active (25) . On the other hand, ETI pathway that involves specific resistance (R) protein is initiated by pathogen virulence factors (26) . Different from PTI, ETI pathway uses the R genes to encode polymorphic NB-LRR proteins (Characterized by nucleotide-binding (NB) and leucine rich repeat (LRR) domains) and the initiation of it happens largely inside cells (25) .
Ubiquitination is required for both PTI and ETI responses. Proteolysis, re-localization or endocytosis of the target protein is controlled by ubiquitination. Therefore, more and more researches start to focus on the role of ubiquitin/26S proteasome pathway in plant defense responses. Ubiquitin is a small but highly conserved protein modifier. A wide range of cellular processes is tightly engaged with this protein (15) . Ubiquitin and the 26S proteasome are key for the regulation of processes such as the oxidative burst, hormone signaling, gene induction, and programmed cell death, which are essential for plant immunity against invading pathogens (27) . Furthermore, degrading proteins that are conjugated to ubiquitin molecule by ubiquitin/26S proteasome pathway appears to regulate portions of the defense response.
Defense pathways in mammals
TAK1, which belongs to the mitogen-activated protein kinase (MAP3K) family, is a key signaling molecule in the innate immune signaling pathways. After being activated by various stimuli, such as cytokines, TLR, and TCR, a signaling cascade is triggered. First of all, IRAK1 (IL-1 receptor associated kinase 1) and IRAK4 are activated by myeloid differentiation primary response gene 88. Then, the RING-type E3 ubiquitin ligase is recruited to ubiquitinize the TNF (tumor necrosis factor)-recep-tor-associated factor 6 (TRAF6) and inhibitor of κB kinase gamma (IKKγ). Meanwhile, RING-domain ubiquitin ligases TRAF2 and TRAF5 are recruited by the activation of TNF-α. As the result, TAK1-binding protein TAB2 or TAB3 are recruited, which leads the composition of TAK1 that can phosphorylate and activate the IκB kinase (IKK)-NF-κB complex, and MAPK kinases (28) .
The ubiquitination plays a critical role in TAK1 signaling pathway. TAB2 and TRAF6 (TNF receptor-associated factor 6) are required for TAK1 activation. TRAF6, which is a member of RING ubiquitin ligases, binds to TAB2 through Lys-63-linked polyubiquitin chain and lead TAK1 activation. TRAF6 directly interacts with TRI through its binding site, which contains a basic residue -X-P-X-E-X-X aromatic/acidic residue. Meanwhile, this interaction will promote TAK1 activation as a consequence of polyubiquitination of TAK1 (29) .
TAK1 associated problems
TAK1 is critical for various cell activities. In mammalian cells, the impairment of TAK1 will cause severe disorder of B and T cells. Meanwhile, other immune cell subtypes also tightly corresponded with TAK1. HSPCs (hematopoietic stem/progenitor cells) can only survive with functional TAK1. Otherwise, massive cell autonomous apoptosis will be observed in different types of tissues (28) .
Other than affecting immune cells. TAK1 deletion will cause complete function loss of NF-κB, P38, MAPK, and JNK (also known as SAPK) signaling pathways. Also, skin cells can't survive without functional TAK1 and studies show that mice died within 7-8 days post-birth with defective TAK1. Bone morphogenic protein receptor (BMPR) signaling also requires TAK1. Impaired TAK1 will disrupt this signaling pathway, and result in abnormal function of p38, MAPKs and ERK etc. Therefore, TAK1 plays an essential role in homeostasis of both immune and non-immune tissues (28) .
Conclusion
Innate immune system is a primary barrier that protects organisms from various pathogens. Different signaling transduction pathways are activated and initiated during immune defense. Two major defense pathways that are widely applied among different species are MAPK and IKK signaling transduction pathway. Ubiquitin plays a critical role in those cascades of defense process. Regulation of TRAFs, TAK1 and other critical molecules requires ubiquitination. Impaired function of ubiquitination will lead severe damage of immune system, as NF-κB, AP-1 and ATFs etc. cannot respond to pathogen invasion.
